Abstract. Four flower-color phenotypes were observed in a population of musk thistle (Carduus tboermeri Weinm.). This plant has been commonly referred to as C. nutans L. The four phenotypes were: purple corolla and purple pollen, pink corolla and white pollen, white corolla and purple pollen, and white corolla and white pollen. In four generations, 177 self-pollinated individuals of these four phenotypes produced 2123 progeny plants that were classified. Results support the hypothesis that three independent gene pairs were involved in determining the four flower phenotypes. The gene pairs have been designated Pip, W/w, and Pi/pi. It was postulated that all three dominant alleles, P, W, and Pi, must be present to produce both purple corollas and purple pollen. The p allele prevents color development in both corollas and pollen; the w allele eliminates color in corollas but does not affect pollen color; and the pi allele dilutes corolla color from purple to pink and eliminates pollen color. Height measurements of progenies of self-pollinated plants indicated that decreased plant height was associated with inbreeding. On the basis of the evidence presented, the musk thistle plants used in these experiments appear to belong to a single species.
INTRODUCTION

Musk thistle is the common name used for the largeflowered plants in the genus
From this sparse beginning, musk thistle apparently found environments to which it was particularly well adapted. By the early 1940s musk thistle began to be mentioned as a potential 1 Received for publication October 5, 1979 Since 1960 a nursery of thistle plants including musk and plumeless thistles, several species of Cirsium, and Scotch thistle (Onopordum acanthium L.) has been maintained on the Lincoln campus of the University of Nebraska. Initially all of the musk thistle entries were purple-flowered. Several years after the collection was started, however, plants from a population of white-flowered musk thistle, discovered near Cheney, Nebraska, in 1965, were added to the nursery.
Moore and Frankton (3) described C. nutans and C. acanthoides and a hybrid of the two (as C. X orthecephalus). They listed a white-flower variant as C. X orthocephalus f. mulliganii Boivin. Moore and Mulligan (4, 5) described in some detail a population of the hybrid found in Gray County, Ontario.
Fuller (1), in studying Carduus in Nebraska, indicated that almost all of the plants she found appeared to be the products of interbreeding between C. nutans and C. acanthoides. She alluded to this as an instance of plants extending their range through hybridization.
In 1973, observation in the nursery, where both purple and white-flowered musk thistle and plumeless thistle had been growing in adjacent areas for several years, revealed an additional color variant, white corollas with purple pollen. The occurrence of this variant form suggested the possibility that natural crossing might have taken place between the purpleflowered (all of which had purple pollen) and white-flowered (which typically had white pollen) forms. Plants of these three color phenotypes were studied with the primary objective of elucidating the genetics of flower color in musk thistle. As a part of the study, information also was obtained on the influence of inbreeding on plant height. 
MATERIALS AND METHODS
Musk
RESULTS AND DISCUSSION
Flower color inheritance. The symbols P, Pi, Wp, and W are used to designate the flower color types that have, respectively, purple corrollas and pollen, pink corollas and white pollen, white corollas and purple pollen, and white corollas and pollen. Progenies of a total of 177 selfed plants were classified for flower color during the 4 yr of the study ( Inasmuch as four and only four flower phenotypes were observed, it was reasonable to postulate that flower color might be controlled primarily by two allelic pairs. The doubly dominant genotype might be expected to produce the P phenotype, the double recessive might be W, and the Pi and Wp phenotypes might result from the presence of single dominants. The expected phenotypic ratio in the progeny of a selfed, doubly heterozygous plant, assuming no linkage between the two genes, would be 9 P: 3 Pi 3 Wp: 1 W. Although the simplicity of this two-gene hypothesis was attractive, the hypothesis proved untenable, primarily for the following reasons: (a) among the progenies of P plants in which all four flower phenotypes were present, some progenies appeared to fit a 9:3:3:1 quite well, but other progenies had far too many W plants to fit this ratio; and (b) progenies of some P plants included three phenotypes, and some of these progenies appeared to fit a 9 P : 3 Pi : 4 W ratio reasonably well, whereas others appeared to fit a 9 P : 3 Wp : 4 W ratio. No simple two-gene hypothesis could account for these observations; therefore, a three-gene model was hypothesized.
The three independent gene pairs and their effects are postulated as:
Pip:
The P allele is necessary for the development of color in both corolla and pollen; p gives white corolla and pollen. W/w: The W allele is required for corolla color but not for pollen color; w plants may have white corollas but purple pollen. Pi/pi: In combination with P and W, Pi is required for the production of purple corollas and purple pollen; pi combines with P and W for pink corollas and white pollen.
Stated in a slightly different manner, the hypothesis suggests that the three dominant alleles, P, W, and Pi, must be present to produce both purple corollas and purple pollen. The p allele prevents color development in both corollas and pollen; the w allele prevents color formation in corollas but does not affect pollen color; and the pi allele dilutes corolla color from purple to pink and eliminates pollen color. Given these three allelic pairs and the effects indicated, the phenotypes expected from selfing a triple heterozygote are as shown in Table 2 . It is noteworthy that although three gene pairs are shown, there are only four phenotypes, and the expected phenotypic ratio, assuming independence of the three genes, is 27 P : 9 Pi : 9 Wp : 19 W. Heterozygosity at two of the three loci in a selfed plant is expected to result in a 9:3:3:1 phenotypic ratio or some modification thereof, and various 3:1 ratios can result from heterozygosity at each locus individually.
Progenies from each of the 177 selfed plants were assigned to the conventional ratio that seemed to fit most closely, and the results from these pooled data were compared with the respective standard ratios by use of the chi-square test. As shown in Table 3 , none of the observed ratios deviated significantly from the expected ratios. These chi-square calculations also included determinations of chi-squares for heterogeneity among the families descended from the five seed lots used in establishing the musk thistle nursery in the fall of 1973. None of the heterogeneity chi-square values was significant (P = 0.05); thus, pooling data from all five familes was justified. Except for the 1974 height data, all measurements of plant height were based on progenies of self-pollinated plants. The data indicate a strong tendency for plant height to decrease as extent of inbreeding (i.e., generations of selfing) increased. This effect of inbreeding is typical of species in which a considerable amount of cross-pollination normally occurs, and it suggests that cross-pollination in musk thistle may be extensive.
The height decrease was not uniform over years (Table 5) , probably because of variations in such environmental factors as rainfall and temperature. There is no doubt, however, that the decreases were real and that they were associated with inbreeding. Open-pollinated musk thistle progenies grown in nurseries adjacent to the flower color nursery were considerably taller than the progenies of selfed plants. Unfortunately, no height measurements were made on these open-pollinated plants.
If cross-pollination in musk thistle is extensive, then the possibility of interspecific hybridization between musk thistle and plumeless thistle must be considered. The nursery included plants of both musk thistle and plumeless thistle grown in close proximity for the 13-yr period before these experiVolume 28, Issue 3 (May), 1980 ments were started. These two species are readily distinguished from each other by traits such as head size, aggregation of heads on the branches, and shape and hairiness of leaves. If any of the plants included in our experiments had been the results of hybridization between musk thistle and plumeless thistle, the self-pollination of these hybrids should have yielded some progeny plants that resembled the plumeless thistle parent. No such progeny plants were observed. Therefore, no evidence for hybridization between these two species was found in our studies. The plants included in our experiments exhibited variation in flower color and plant height, as has been discussed. These variations may be explained by intraspecific genetic effects. With respect to other traits, the plants remained uniform throughout the 5 yr of the study. We suggest, therefore, that the musk thistle population used in these studies represents a single plant species.
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